Introduction {#s0001}
============

A heterologous DNA-prime/adenovirus-5 (Ad5) boost (DNA/Ad) malaria vaccine, using the circumsporozoite protein (CSP) and the apical membrane antigen-1 (AMA1) protected 4 of 15 subjects (27%) against controlled human malaria infection (CHMI).[@cit0001] A single dose of Ad-5 vaccine (AdCA) administered alone did not induce protection, demonstrating that DNA priming was required for protection.[@cit0002] In the DNA/Ad trial, 2 protected subjects had higher ELISpot and CD8+ T cell IFN-γ responses to CSP, and 3 protected subjects had higher ELISpot and CD8+ T cell IFN-γ responses to AMA1, than those of non-protected subjects.[@cit0003] CD8+ T cell IFN-γ effector memory (EM) responses to CSP or AMA1 only occurred in the protected subjects, suggesting that this activity was a correlate of protection in the DNA/Ad trial.[@cit0003] In contrast, CD4+ T cell and antibody responses were much lower, and not associated with protection.[@cit0001] Unexpectedly, non-protected subjects in the AdCA trial developed ELISpot and CD8+ T cell IFN-γ responses, including EM responses, to CSP and AMA1 that were equal to or higher than the protected subjects in the DNA/Ad trial. However, responses of protected subjects were focused on fewer CSP and AMA1 epitopes than those of non-protected subjects in the DNA/Ad and AdCA trial.[@cit0003] Only peripheral responses can be measured in human subjects and there is considerable evidence that liver-resident cellular responses play a key role in mediating protection.[@cit0004]

CHMI routinely consists of the bite of 5 *P. falciparum*-infected mosquitoes and subjects are treated with chloroquine when blood stage infection is detected in blood films.[@cit0001] In the DNA/Ad trial, all 6 infectivity controls developed parasitemia detected by qPCR at mean 7.1 days and blood films at mean day 12.3, indicating that these subjects experienced at least 2 cycles of asexual *P. falciparum* development.[@cit0001] Non-protected subjects in the DNA/Ad trial and all subjects in the AdCA trial (infectivity controls and immunized subjects) became positive by qPCR at mean day 7.2 and blood film at mean day 12.1, also suggesting they experienced 2 cycles of asexual *P. falciparum* development.[@cit0001] CHMI itself induced low levels of recall IFN-γ responses to whole sporozoites, but cellular responses to known antigens including CSP and AMA1 were not detected in these studies.[@cit0010] Although CHMI has been reported to boost vaccine induced responses, especially humoral activities,[@cit0012] particularly following live vector immunization,[@cit0015] the effects on cellular responses are less clear. We sought to determine the effect of CHMI on DNA/Ad and AdCA-induced cellular and humoral responses.

We framed 2 hypotheses of the effects of CHMI on peripheral pre-CHMI cellular and antibody activities: (1) did cellular responses fall in protected subjects suggesting migration of antigen-specific immune cells from the periphery to the liver in response to liver stage infections, as hypothesized by others following immunization with radiation-attenuated sporozoites,[@cit0017] and (2) did antibody and cellular responses of non-protected volunteers rise, based on the findings that CHMI induced higher responses in volunteers previously immunized with sporozoites under chloroquine prophylaxis.[@cit0010] We performed 2 statistical comparisons: The first compared the geometric mean activities of all volunteers before and after CHMI. To determine whether activities of individual subjects rose or fell after CHMI, and we measured changes as fold-differences and whether these were significantly related to pre-CHMI activities. We used a similar analysis to demonstrate that fold-changes in antibody responses to the Ad5 vaccine backbone (NAb) after a second immunization with an Ad5-CSP vaccine were associated with decreases in antibody and cellular responses to the CSP transgene.[@cit0008] Although ten of the 15 subjects in the DNA/Ad trial were NAb positive, there was no association between NAb and antibody and cellular responses to the malaria antigens after immunization,[@cit0001] and all subjects in the AdCA trial were NAb negative.[@cit0002] We also determined whether NAb activities after immunization and pre-CHMI affected CHMI-induced changes in activities against the vaccine antigens. These analyses may provide insights into whether cellular and humoral activities induced by these vaccines might be boosted by natural malaria transmission. We are cautious in our interpretations since we could only measure peripheral activities, as functional activities of liver-resident T cells may differ from those in the periphery,[@cit0017] and because of the small number of subjects, especially those with activities to CSP. We are using these analyses to develop new hypotheses that may then be tested in pre-clinical or further clinical trials.

Results {#s0002}
=======

We report summed responses against all CSP and AMA peptide pools tested in each assay. Since the 4 protected subjects in the DNA/Ad trial recognized a restricted number of CSP (v11/Cp9; v18/Cp6) and AMA1 (v10/Ap8; v11/Ap10; v18/Ap8) peptide pools associated with individual AMA1 Class I-restricted epitopes,[@cit0019] we also examined whether responses to these immunodominant peptide pools were affected by CHMI. We first determined if CHMI itself induced responses in the infectivity controls in the DNA/Ad and AdCA trials, using *ex vivo* ELISpot IFN-γ assays.

Infectivity controls: ex vivo ELISpot IFN-γ {#s0002-0001}
-------------------------------------------

After CHMI, summed ELISpot IFN-γ activities to CSP and AMA1 of the infectivity controls changed by less than 1.5-fold ([**Fig. 1**](#f0001){ref-type="fig"}); all remained negative to CSP as shown by others;[@cit0010] however, 3 subjects each developed low positive responses to one of the 12 tested AMA1 peptide pools that included Ap1, Ap2, and Ap3 (data not shown). Previous studies using flow cytometry did not measure positive responses to CSP or AMA1,[@cit0010] and our findings may reflect the greater sensitivity of ELISpot IFN-γ assays. We therefore defined any change in DNA/Ad or AdCA-immunized subjects as positive if fold-changes exceeded 1.5. Figure 1.*Ex vivo* ELISpot IFN-γ activities of infectivity controls. Five infectivity controls from the DNA/Ad trial and 4 infectivity controls from the AdCA trial were used. The associations of fold-changes of pre-CHMI and post-CHMI activities with pre-CHMI activities are shown as log-transformed values, and the dotted line represents no-change. The shaded box shows ±1.5 range (log ±0.18)-. (**A**) CSP: the fold change was ≤1.5, except one outlier, and all 9 subjects remained negative after CHMI. (**B**) AMA1: the fold change of all subjects was \<1.5, and 6/9 subjects remained negative after CHMI, but 3/9 subjects developed positive activities after CHMI each to a single AMA1 peptide pool (not shown).

We next examined the effect of CHMI on cellular IFN-γ activities of DNA/Ad-immunized subjects, and then compared these to activities of AdCA-immunized subjects.

DNA/Ad trial {#s0002-0002}
------------

### Ex vivo ELISpot IFN-γ: activities of protected subjects fell and non-protected subjects rose {#s0002-0002-0001}

We could not find any correlation between the effects of CHMI and pre-existing NAb. We calculated the fold-changes between pre- and post-CHMI (log-transformed) of all subjects that were positive pre-CHMI and/or post-CHMI and the correlations and significance were calculated using Pearson product moment calculations.[@cit0008] Fold-changes of individual subjects are shown in [**Table 1**](#t0001){ref-type="table"} and the relationship between fold-changes with pre-CHMI activities are shown in [**Figures 2--6**](#f0002 f0003 f0004 f0005 f0006){ref-type="fig"}. As previously reported [@cit0002] we found large ranges of activities among all subjects that we interpret as reflecting the expression of different HLA alleles of individual subjects. Table 1.Effects of CHMI on activities of individual subjects in the DNA/Ad and AdCA trials ELISpotCD8+ T cell IFN-γCD8+ T cell IFN-γ EMAntibodyVaccineStatusVol.CSPAMA1CSPAMA1CSPAMA1CSPAMA1DNA-AdPv060+1.20000−1.8−1.3 v100−2.0[^1^](#t1fn0002){ref-type="fn"}0−4.20−11.5[^1^](#t1fn0002){ref-type="fn"}−2.3−1.4 v11−3.2[^1^](#t1fn0002){ref-type="fn"}−2.6[^1^](#t1fn0002){ref-type="fn"}−9.9[^1^](#t1fn0002){ref-type="fn"}−4.5[^1^](#t1fn0002){ref-type="fn"}−28.9[^1^](#t1fn0002){ref-type="fn"}−5.2[^1^](#t1fn0002){ref-type="fn"}−4.0−4.4 v18−1.6[^1^](#t1fn0002){ref-type="fn"}−1.8[^1^](#t1fn0002){ref-type="fn"}−2.4[^1^](#t1fn0002){ref-type="fn"}−2.5[^1^](#t1fn0002){ref-type="fn"}−2.4[^1^](#t1fn0002){ref-type="fn"}−3.0[^1^](#t1fn0002){ref-type="fn"}−1.4−2.1 Non-Pv01+4.9[^\*^](#t1fn0003){ref-type="fn"}+1.80+1.400−1.7+1.1 v020+3.00000−1.2+2.3 v03+1.6+2.5−3.5−2.500−2.2+1.6 v050+3.31.0[^\*^](#t1fn0003){ref-type="fn"}+1.100+2.7+2.5 v090+4.8[^\*^](#t1fn0003){ref-type="fn"}+2.2[^\*^](#t1fn0003){ref-type="fn"}1.000+1.4+2.0 v12+1.8+1.2+1.1[^\*^](#t1fn0003){ref-type="fn"}1.0001.0−2.8 v130+1.400001.0+4.2 v150+2.8−4.4−1.2001.0+1.1 v160+4.70−3.3001.0+3.0 v17+1.1[^\*^](#t1fn0003){ref-type="fn"}+2.0+1.45[^\*^](#t1fn0003){ref-type="fn"}−4.000+6.7+3.7 v190+5.7[^\*^](#t1fn0003){ref-type="fn"}−2.2−4.200−3.61.0Ad-CANon-Pv118−2.1−1.4NTNTNTNT+4.6+133.3 v119−2.1−3.8−1.1−1.7−1.2−1.7+3.9+2.0 v125−1.7−1.61.0−2.10−1.9−1.5+7.1 v126−2.4−1.4−8.5−2.20−1.5+8.5+74.5 v127−1.9−2.4−1.2−3.2−1.2−3.2−1.7+7.3 v128−4.1−1.9+1.4+1.3NT+1.4−1.7+10.0 v147−1.3−1.2−2.7+1.3−2.101.0+146.0 v149−1.1−1.2NTNTNTNT+5.8+9.7 v156−2.5−2.1−1.2−2.4−1.6−1.0+1.5+9.2 v160−1.5−1.3−3.6−3.2−6.5−23.8+1.8+2.1 v172−2.0−1.6−1.1−2.70−24.9+1.1+7.7 v1731.0−1.30−1.2000+15.3 v179−2.4−1.1−2.1−1.90−1.4−1.4+28.2 v184−4.9−3.1−1.7−1.1000+475.0 v194−3.5−1.90−1.200−2.4+5.1 v1950−4.21.0[^\*^](#t1fn0003){ref-type="fn"}−1.50−1.2[^\*^](#t1fn0003){ref-type="fn"}−1.4+10.1 v196−2.9−1.8−1.2−2.60−2.4+2.0+16.2[^2][^3][^4]

CSP: The geometric mean of all subjects pre-CHMI (86 sfc/m, range 13--408 sfc/m) did not significantly change post-CHMI (119 sfc/m, range 19--402 sfc/m). Pre-CHMI activities were positive in 4 subjects and 6 subjects were positive post-CHMI. Post-CHMI activities fell in 2 of 4 protected subjects (v11 and v18) who had the highest pre-CHMI activities including activities to the immunodominant peptide pools (v11 to Cp9: −3.2-fold; v18 to Cp9:-1.6-fold), but rose in 3 non-protected subjects including one that was negative pre-CHMI ([**Table 1**](#t0001){ref-type="table"}). There was a weakly significant negative association of fold-change with pre-CHMI activities of the 6 subjects that were positive pre-CHMI or post-CHMI ([**Fig. 2A**](#f0002){ref-type="fig"}), but given the small number of positive subjects we include this only for information. AMA1: The geometric mean of all subjects pre-CHMI (348 sfc/m, range 88--1270 sfc/m) significantly (p = 0.012) rose post-CHMI (672 sfc/m, range 121--1426 sfc/m). Twelve/15 subjects were positive pre-CHMI and 14/15 subjects were positive post-CHMI including 2 that were negative pre-CHMI. Post-CHMI activities fell in 3 of 4 protected subjects ([**Table 1**](#t0001){ref-type="table"}), including activities to the immunodominant peptide pools (v10 to Ap8:-2.0-fold; v11 to Ap10:-2.6-fold; v18 to Ap8:-1.8-fold) and rose in 9/11 non-protected subjects ([**Table 1**](#t0001){ref-type="table"}). There was a significant negative association between fold-change and pre-CHMI activities of the 14 subjects that were positive pre-CHMI or post-CHMI and CHMI increased activities in subjects with lowest pre-CHMI activities who were all non-protected ([**Fig. 2B**](#f0002){ref-type="fig"}). Activity of the fourth protected subject (v06) was unchanged after CHMI and no single AMA1 peptide pool was immunodominant. Figure 2.DNA/Ad trial: e*x vivo* ELISpot IFN-γ activities to CSP and AMA1. The associations of fold-changes of pre-CHMI and post-CHMI activities with pre-CHMI activities are shown as log-transformed values, and the dotted line represents no-change. The shaded box shows ±1.5 range. (**A**) **CSP:** there was a significant relationship between fold-change and pre-CHMI activities; the fold changes of 2 protected (v11, v18) and 3 non-protected subjects were greater than ±1.5 (shaded box). (**B**) **AMA1:** there was a significant relationship between fold-change and pre-CHMI activities; the fold changes of theAMA1 immunodominant pools of v10 (Ap8), v11 (Ap10) and v18 (Ap8) were used as they represented most of the total summed activities. The fold changes of 3 protected subjects (v10, v11, v18) and 9 non-protected subjects were greater than ±1.5 (shaded box).

### CD8+ T cell IFN-γ activities: activities of protected subjects fell and non-protected subjects fell or were unchanged {#s0002-0002-0002}

CSP: The geometric mean of all subjects pre-CHMI (0.045%, range 0--0.29%) did not significantly change post-CHMI (0.03%, range 0--0.11%). Four/15 subjects were positive pre-CHMI, and 6 subjects were positive post-CHMI including 4 non-protected subjects that were negative pre-CHMI. Post-CHMI activities fell in 2 of 4 protected subjects ([**Table 1**](#t0001){ref-type="table"}) including activities to the immunodominant peptide pools (v11 to Cp9:-9.9-fold; v18 to Cp9: −2.4-fold). There was a weakly significant negative association between fold-changes of these 8 positive subjects and pre-CHMI activities ([**Fig. 3A**](#f0003){ref-type="fig"}) showing that CHMI caused falls in 4 subjects with the highest pre-CHMI activities ([**Fig. 3A**](#f0003){ref-type="fig"}). AMA1: The geometric mean activity of all subjects pre-CHMI (0.14%, range 0.05--0.98%) did not significantly change post-CHMI (0.08%, range 0--0.25%). 12/15 subjects were positive pre-CHMI and this fell to 8/15 positive subjects post-CHMI. Post-CHMI activities of 3 of 4 protected subjects fell post-CHMI ([**Table 1**](#t0001){ref-type="table"}) including activities to the immunodominant peptide pools (v10 to Ap8:-4.2-fold; v11 to Ap10:-4.5-fold; v18 to Ap8:-2.5-fold), but also fell in 4 non-protected subjects ([**Table 1**](#t0001){ref-type="table"}). Although there was no association between fold-changes of the 12 positive subjects and pre-CHMI activities, activities of 3 protected and 4 non-protected subjects fell post-CHMI ([**Fig. 3B**](#f0003){ref-type="fig"}). Figure 3.DNA/Ad trial: CD8+ T cell IFN-γ activities to CSP and AMA1. The associations of fold-changes of pre-CHMI and post-CHMI activities with pre-CHMI activities are shown as log-transformed values, and the dotted line represents no-change. The shaded box shows ±1.5 range. (**A**) CSP: there was a significant relationship between fold-change and pre-CHMI activities; the fold changes of 2 protected (v11, v18) and 3 non-protected subjects were greater than ±1.5 (shaded box). (**B**) AMA1: there was no significant relationship between fold-change and pre-CHMI activities; the fold changes of 3 protected (v10, v11, v18) and 4 non-protected subjects were greater than −1.5 (shaded box).

### CD8+ T cell IFN-γ effector memory (EM) activities by ICS/flow cytometry: activities of protected subjects fell {#s0002-0002-0003}

DNA/Ad induced CD8+ T cell IFN-γ EM activities in 2 protected subjects (v11, v18) to CSP, and in 3 protected subjects (v10, v11, v18) to AMA1, but not in non-protected subjects.

CSP: At pre-CHMI, 2 protected subjects (v11 and v18) were positive and summed activities of each fell post-CHMI ([**Table 1**](#t0001){ref-type="table"}) and became negative, and post-CHMI activities to the immunodominant peptide pools also fell (v11 to Cp9:-28.9-fold; v18 to Cp6:-2.3-fold). AMA1: at pre-CHMI, 3 protected subjects (v10, v11 and v18) were positive and summed activities of each fell post-CHMI ([**Table 1**](#t0001){ref-type="table"}), and v10 became negative; post-CHMI activities to the immunodominant peptide pools also fell: v10 to Ap8 (−11.5-fold); v11 to Ap10 (−5.2-fold); v18 to Ap8 (−3.0-fold).

We next analyzed the effect of CHMI on subjects immunized with AdCA alone,[@cit0002] to compare the outcomes with the DNA/Ad trial.

AdCA trial {#s0002-0003}
----------

### *Ex vivo* ELISpot IFN-γ: activities fell or were unchanged {#s0002-0003-0001}

CSP: The geometric mean of all subjects pre-CHMI (243 sfc/m, range 14--1333 sfc/m) fell but not significantly post-CHMI (135 sfc/m, range 24--1327 sfc/m). Thirteen/17 subjects were positive pre-CHMI and this fell to 7/17 positive subjects post-CHMI. There was a significant negative association between fold-changes in activities and pre-CHMI activities and CHMI caused a fall in activities of all these non-protected subjects ([**Fig. 4A**](#f0004){ref-type="fig"}). AMA1: The geometric mean of all subjects pre-CHMI (1304 sfc/m, range 435--4593 sfc/m) significantly (p = 0.02) fell after CHMI (731 sfc/m, range 165--1335 sfc/m). There was no association between fold-changes in activities and pre-CHMI activities although activities of 10/17 subjects fell and 7/17 were unchanged ([**Table 1**](#t0001){ref-type="table"}; [**Fig. 4B**](#f0004){ref-type="fig"}). Figure 4.AdCA trial: e*x vivo* ELISpot IFN-γ activities to CSP and AMA1. The associations of fold-changes of pre-CHMI and post-CHMI activities with pre-CHMI activities are shown as log-transformed values, and the dotted line represents no-change. The shaded box shows ±1.5 range. (**A**) CSP: there was a significant negative association between fold-change and pre-CHMI activities; activities of all 13/17 positive before CHMI fell after CHMI. (**B**) AMA1: although activities of all 17/17 subjects that were positive pre-CHMI all fell after CHMI, there was no relationship between fold-change and pre-CHMI activities as only 10/17 were greater than −1.5.

### CD8+ T cell IFN-γ activities by ICS/flow cytometry: activities fell or were unchanged {#s0002-0003-0002}

CSP: The geometric mean of all subjects pre-CHMI (0.11%, range 0.05--0.57%) did not significantly change post-CHMI (0.08%, range 0--0.49%). 12/15 subjects were positive pre-CHMI, and fell to 8/15 subjects post-CHMI including one subject that was negative pre-CHMI. There was no association between fold-changes and pre-CHMI activities, but activities of 5/15 subjects fell and 10/15 subjects were unchanged ([**Table 1**](#t0001){ref-type="table"}; [**Fig. 5A**](#f0005){ref-type="fig"}). AMA1: The geometric mean of all subjects pre-CHMI (0.47%, range 0.10--2.44%) significantly (p = 0.04) fell post-CHMI (0.28%, range 0.07--1.00%) and 15/15 subjects that were positive pre-CHMI remained positive post-CHMI ([**Table 2**](#t0002){ref-type="table"}). In contrast to CSP, there was a highly significant negative association between the fold-changes in activities compared to pre-CHMI activities, suggesting that the falls in activities due to CHMI was greatest in 9 subjects with the highest pre-CHMI activities ([**Table 1**](#t0001){ref-type="table"}; [**Fig. 5B**](#f0005){ref-type="fig"}). Figure 5.AdCA trial: CD8+ T cell IFN-γ activities to CSP and AMA1. The associations of fold-changes of pre-CHMI and post-CHMI activities with pre-CHMI activities are shown as log-transformed values, and the dotted line represents no-change. The shaded box shows ±1.5 range. (**A**) CSP: there was no significant relationship between fold-change and pre-CHMI activities, although activities fell in 5/15 subjects. (**B**) AMA1: There was a significant relationship between fold-change and pre-CHMI and activities fell in 9/15 subjects. Table 2.Summary of effects of CHMI  AntigenVaccineAssayCSPAMA1DNA-AdELISpotFell in protected; rose in non-protectedFell in protected; rose in non-protectedCD8+ T IFN-γFell in protected; fell/unchanged in non-protectedFell in protected; fell/unchanged in non-protectedCD8+ T IFN-γ EMFell in protected; non-protected all negativeFell in protected; non-protected all negativeAntibodyUnchangedFell in protected/rose in non-protectedAdCAELISpotFell/unchangedFell/unchangedCD8+ T IFN-γFell/unchangedFell/unchangedCD8+ T IFN-γ EMFell/unchangedFellAntibodyRoseRose[^5]

### CD8+ T cell IFN-γ EM activities by ICS/flow cytometry: activities fell or were unchanged {#s0002-0003-0003}

CSP: The geometric mean activity of all subjects pre-CHMI (\<0.03%, range 0--0.38%) was unchanged post-CHMI (\<0.03%, range 0--0.23%). At pre-CHMI only 5/15 subjects had positive activities and post-CHMI activities of 3/15 subjects fell and one became negative ([**Table 1**](#t0001){ref-type="table"}). AMA1: The geometric mean of all subjects pre-CHMI (0.08%, range 0--1.54%) did not significantly change post-CHMI (0.06%, range 0--0.0.40%). At pre-CHMI, 11/15 subjects had positive activities and post-CHMI activities fell in 7/15 subjects ([**Table 1**](#t0001){ref-type="table"}), and were dramatic in 2 subjects (−23.8, −24.9) who became negative.

We have previously reported that DNA/Ad induced low antibody activities to CSP and AMA1,[@cit0001] whereas AdCA induced higher levels of antibodies, especially to AMA1.[@cit0009] We expected, based on our second hypothesis, that antibody activities would rise after CHMI. CHMI itself did not induce antibody responses to CSP or AMA1 in the infectivity controls (data not shown).

### DNA/Ad trial: ELISA antibody: activities rose in non-protected and fell in protected subjects (AMA1) {#s0002-0003-0004}

CSP: pre-CHMI activities of all subjects were low (data not shown), as seen with the infectivity controls, but post-CHMI activities of 3 of 4 protected subjects fell, and also fell in 3 and rose in 2 non-protected subjects ([**Table 1**](#t0001){ref-type="table"}). AMA1: the geometric mean activities pre-CHMI (11.9 μg/mL, range 1.5--102 μg/mL) did not significantly change post-CHMI (14.6 μg/mL, range 1.8--70.8 μg/mL). The association between fold-changes and pre-CHMI activities was not significant although post-CHMI activities of 2 of 4 protected subjects fell and rose in 7 non-protected subjects ([**Table 1**](#t0001){ref-type="table"}; [**Figure 6A**](#f0006){ref-type="fig"}). Figure 6.DNA/Ad and AdCA trials: association of fold changes of antibody responses to CSP and AMA1 with pre-CHMI activities. The associations of fold-changes of pre-CHMI and post-CHMI activities with pre-CHMI activities are shown as log-transformed values, and the dotted line represents no-change. (**A**) DNA-Ad trial: AMA1: there was no relationship between fold change after CHMI and pre-CHMI activities. (**B**) AdCA trial: CSP: there was a significant relationship between fold change after CHMI and pre-CHMI activities. (**C**): AdCA trial: AMA1: there was a stronger significant relationship than CSP between fold change and pre-CHMI activities. In the AdCA trial, CHMI had a greater effect on lower than higher pre-CHMI activities, and for AMA1, CHMI greatly increased pre-CHMI activities.

### AdCA trial: ELISA antibody: activities rose in some to CSP and all to AMA1 {#s0002-0003-0005}

CSP: the geometric mean activities pre-CHMI (2.2 μg/mL, range 0.5.1--7.8 μg/mL) did not significantly change after CHMI (3.2 μg/mL, 1.1--6.9 μg/mL μg/mL). However, there was a highly significant negative association between fold-change and pre-CHMI activities, and activities rose in 7 subjects with the lowest pre-CHMI activities ([**Table 1**](#t0001){ref-type="table"}; [**Fig. 6B**](#f0006){ref-type="fig"}). AMA1: the geometric mean activities pre-CHMI (5.6 μg/mL, range 2.1--38.0 μg/mL) rose considerably (16.2-fold) after CHMI (90.7 μg/mL, range 19--380 μg/mL) and the change was highly significant (p = \< 0.001). Activities of all subjects rose after CHMI and there was a highly significant negative association between fold-changes in activities compared to pre-CHMI activities ([**Fig. 6B**](#f0006){ref-type="fig"}), suggesting that CHMI caused the largest increases (+475-fold, +146-fold) in activities of subjects with the lowest pre-CHMI activities.

### CHMI affected pre-CHMI activities differently in the DNA/Ad and AdCA trials {#s0002-0003-0006}

The effect of CHMI on pre-CHMI activities differed when the AdCA vaccine was primed with DNA ([**Table 2**](#t0002){ref-type="table"}). In the DNA/Ad trial, CHMI caused falls in ELISpot activities of protected and rises in activities of non-protected subjects, whereas CHMI predominantly caused falls in ELISpot activities in the AdCA trial. However, CHMI caused falls in CD8+ T cell IFN-γ activities in both protected and non-protected subjects in the DNA-Ad and AdCA trials. It thus appears that ELISpot measured other cell types in addition to CD8+ T cell activities in the non-protected subjects in the DNA/Ad trial.. However, in the AdCA trials, the effects of CHMI on ELISpot and CD8+ T cell activities were more similar suggesting that CD8+ T cells predominated in ELISpot activities. In contrast CHMI caused falls in antibody activities of protected subjects and rises in non-protected subjects in the DNA/Ad trial but rises in the AdCA trial to CSP and often dramatically to AMA1.

Discussion {#s0003}
==========

The aim of this study was to examine the effect of CHMI on cellular and antibody responses in the DNA/Ad and AdCA trials according to 2 pre-analysis hypotheses. CHMI itself did not induce significant ELISpot IFN-γ responses in the infectivity controls, except very low activities to a single AMA1 peptide pool in 3 subjects, nor did CHMI induce significant antibody responses to CSP and AMA1. In some assays the numbers of subjects with positive ELISpot IFN-γ ([**Fig. 2A**](#f0002){ref-type="fig"}) and CD8+ T cell IFN-γ EM responses ([**Table 1**](#t0001){ref-type="table"}) to CSP were low and the effects of CHMI are shown for information only.

In the DNA/Ad trial, the first finding was that CHMI caused falls in cellular responses of protected subjects measured by ELISpot and CD8+ T cell IFN-γ assays to CSP and AMA1 as hypothesized. This was especially true of CD8+ T cell IFN-γ EM activities. ELISpot activities of these protected volunteers were abolished by CD8+ T cell depletion,[@cit0001] suggesting that in these subjects ELISpot is predominantly measuring CD8+ T cell IFN-γ, probably explaining the consistency of these assays, ELISpot IFN-γ and ICS. One interpretation of this effect is that, in response to liver stage infections that develop after CHMI, CD8+ IFN-γ cells might migrate from the periphery to the liver, causing a fall in peripheral activities. In agreement with this hypothesis, after immunization with radiation-attenuated sporozoites, the frequencies of antigen specific CD8+ IFN-γ secreting cells to a few antigens were low in the peripheral circulation of some subjects but not detected in other subjects, and are consistent with the finding that antigen-specific CD8+ T cells were found in the liver in non-human primates similarly immunized.[@cit0017] Rodent models have suggested that hepatic-resident CD8+ T memory responses are associated with protection[@cit0005] and may persist in the liver.[@cit0020] It is possible, but difficult to prove, that antigen-specific T cells detected in the peripheral circulation of human subjects reflect T cells resident in the liver. Liver-resident memory T cells in mice display a unique transcriptional profile,[@cit0022] and identification of such a profile in humans could aid vaccine development.

However, CHMI affected ELISpot and CD8+ T cell IFN- γ activities of non-protected subjects in the DNA/Ad and AdCA trials differently; ELISpot activities rose and CD8+ T cell IFN- γ activities were either unchanged or fell. The most straightforward interpretation is that DNA/Ad immunization elicited CD8+ T cell IFN- γ activities and other cell types at post CHMI in the non-protected subjects, such as natural killer (NK) and γδ cells that contributed to ELISpot activities. Indeed, NK cells have been shown to control *P. falciparum* blood stage infection[@cit0023] and may contribute to RTS,S induced protection,[@cit0024] and NK and γδ cells may contribute to protection induced by live *P. falciparum* sporozoite/chloroquine immunization.[@cit0010] In this case, CHMI increased activities of these other cells masking the fall of activities of CD8+ T cells that were insufficient to induce protection, even though they apparently migrated to the liver.

In contrast, in the AdCA trial, CHMI predominantly caused falls in ELISpot and CD8+ T cell IFN- γ activities of these subjects who were all non-protected. This is consistent with the interpretation that AdCA induced predominantly CD8+ T cells, not other types of immune cells, and these possibly also migrated to the liver, but did not induce protection. We have previously shown that CD8+ T cells of the protected volunteers recognize small regions of CSP and AMA associated with class 1-restricted epitopes in AMA1 \[20\], whereas CD8+ T cells of non-protected subjects in the DNA/A and AdCA trials recognize multiple regions of CSP and AMA1. We suggest therefore that CD8+ T cells may migrate to the liver following CHMI in protected and non-protected subjects, but only CD8+ T cells that recognized a small number of CSP and AMA1 epitopes were protective, whereas those that recognized larger numbers of CSP and AMA1 regions were not protective.

An alternative interpretation of the drops in CD8+ T cell IFN-γ activities in the AdCA trial may be that AdCA immunization drove CD8+ T cell EM differentiation to exhaustion,[@cit0003] as their cytokine profile lacked TNF and IL2 secretion,[@cit0026] and differs after DNA/Ad immunization when memory T cells secreted both TNF and IL-2.[@cit0003] In that case, it is possible that the CHMI boost further drove CD8+ T EM cells to exhaustion leading to apoptosis and an apparent reduction in peripheral activities. In future vaccine trials, we will measure markers of T cell exhaustion including programmed cell death-1,[@cit0029] that has been implicated in malaria infection and T cell exhaustion.[@cit0032]

Perhaps the most surprising outcome was the dramatic boost of anti-AMA1 antibodies of non-protected subjects in the DNA/Ad trial, and the AdCA trial, where there was a significant relationship between fold-change and pre-CHMI activities. CHMI itself did not induce antibodies to CSP or AMA1; CHMI also failed to induce anti-AMA1 antibodies in a separate trial. These outcomes suggest that B-cell responses, in contrast to T cell responses, were readily boosted by live sporozoites and probably by the transient blood stage infection before chloroquine treatment. However, the effect of CHMI was greater on antibody responses to AMA1 than CSP, and this might be due to the small numbers of sporozoites delivered by CHMI compared to the much larger numbers of red blood stages derived from each sporozoite, especially as 2 cycles of asexual development occurred before chloroquine treatment. Anti-AMA1 antibody activities rose to a geometric mean of 91 µg/mL, and ranged up to 380 µg/mL. These activities are comparable to those achieved in a field trial with a recombinant protein AMA1 vaccine FMP2.1/AS02~A~, measured in the same laboratory as this study, and induced efficacy against clinical malaria identical to the vaccine strain.[@cit0034] Although the AdCA vaccine failed to induce protection[@cit0009] it is interesting to speculate that natural transmission might be expected to boost anti-AMA1 antibody activities to levels previously only achieved with AMA1 recombinant protein vaccines.

Other studies have shown that CHMI also boosts antibody responses in mice and non-human primates, particularly following live vector immunization. CHMI boosted antibody but not CD8+ T cell responses in mice primed with a *Salmonella typhimurium* and boosted with recombinant protein containing a CD8+ T cell epitope from *P. berghei* and appeared to enhance protection.[@cit0016] Similarly, CHMI boosted antibody responses in a DNA-prime pox virus boost containing 2 malaria blood stage antigens MSP1~42~ and AMA1 induced low antibody responses in rhesus monkeys immunized with DNA-pox virus vaccines containing MSP1 and AMA1.[@cit0015] In humans CHMI has also been shown to increase antibody activities in a human study using chimpanzee adenovirus ChAd63 followed by pox virus boost encoding AMA1, *or* a pox-based vector (NYVAC) encoding MSP1~19~ and AMA1.[@cit0014]

These outcomes suggest that in future trials we should consider more detailed analyses of T cell responses, especially measuring markers of T cell exhaustion. They also suggest that natural transmission may boost vaccine-induced responses, especially antibody responses; we are planning further development of the DNA/Ad vaccine that if successful would be transferred to a malaria-endemic trial site. While presentation of antigens derived from sporozoites and blood stages may differ from protein vaccines, these result also suggest that a further boost of the DNA/Ad vaccine with recombinant CSP or AMA1 may improve immunogenicity, and such studies are underway in mice.

Generalizability {#s0003-0001}
----------------

This analysis extends our understanding of the effect of DNA priming on the immunogenicity of adenovirus vectors and identified that live sporozoite challenge particularly boosted antibody responses. These outcomes may be applicable to live whole sporozoite vaccines where priming with live vectors may beneficially affect responses induced by live sporozoites.

Limitations {#s0003-0002}
-----------

Our findings, that CHMI boosted antibody activities, have not been tested for improved efficacy; this could be addressed, at least preliminarily for AMA1, using functional antibody growth inhibition assays.[@cit0035]

Methods {#s0004}
=======

Human ethics statement {#s0004-0001}
----------------------

The study protocols for these clinical trials were approved by the Institutional Review Boards at the Walter Reed Army Institute of Research (WRAIR) and the National Naval Medical Center (NNMC). The study was conducted at the WRAIR Clinical Trials Center in accordance with the principles described in the Nuremberg Code and the Belmont Report; all federal regulations regarding the protection of human participants as described in 32 CFR 219 (The Common Rule) and instructions from the Department of Defense, the Department of the Army, the Department of the Navy and the Bureau of Medicine and Surgery of the United States Navy; and the internal policies for human subject protections and the standards for the responsible conduct of research of the US Army Medical Research and Materiel Command (USAMRMC) and the Naval Medical Research Center (NMRC). NMRC and WRAIR each hold a Federalwide Assurance from the Office of Human Research Protections (OHRP) under the Department of Health and Human Services. NMRC also holds a Department of Defense/Department of the Navy Addendum to the Federalwide Assurance for human subject protections. All key personnel were certified as having completed mandatory human research ethics education curricula and training. All potential study subjects provided written, informed consent before screening and enrollment and had to pass an assessment of understanding.

Human subjects {#s0004-0002}
--------------

The full details of the clinical findings of these trials, including patient recruitment and flow, safety and tolerability have been previously reported.[@cit0001] Fifteen subjects were immunized with DNA/Ad and 4 were fully protected against CHMI, and none of the 11 non-protected subjects showed a significant delay to parasitemia.[@cit0001] In a separate trial, 18 subjects were immunized with AdCA, and one showed a significant delay to onset of parasitemia after CHMI but none were fully protected.[@cit0009]

Immunological endpoints {#s0004-0003}
-----------------------

DNA/Ad samples used in this study were collected 22/23 days post Ad administration, 5 or 6 days before CHMI (pre-CHMI), and 4 weeks after CHMI (post-CHMI). AdCA samples were collected 22/23 days post Ad administration that 5 or 6 days before CHMI (pre-CHMI), and 4 weeks after CHMI (post-CHMI). A rise or fall in activity is calculated as the fold-change post-CHMI compared to pre-CHMI activity: for example a 2-fold rise is expressed as +2.0, and a 2-fold fall is expressed as −2.0.

### *Ex vivo* Enzyme Linked Immunospot Interferon-gamma Assays (ELISpot IFN-γ) {#s0004-0003-0001}

IFN-γ responses were measured by IFN-γ ELISpot assay[@cit0007] using fresh peripheral blood mononuclear cells (PBMC). The full length *P. falciparum* 3D7 CSP sequence was covered by 15 amino acid (aa) peptides overlapping by 11 aa and combined into 9 pools (Cp1-Cp9) each containing 3 to 12 peptides.[@cit0007] Full length AMA1 was covered by 15mers that were combined into 12 pools (Ap1-Ap12) each containing 10--13 peptides.[@cit0007] Results, expressed as spot forming cells/million PBMC (sfc/m), are shown as: (1) the magnitude of responses of each subject to individual CSP or AMA1 peptide pools, (2) summed responses of each subject, or (3) numbers of positive subjects defined as a subject with a positive response to at least one CSP or one AMA1 peptide pool.[@cit0007] A positive response to a given CSP or AMA1 peptide pool was defined as positive after showing (1) a statistically significant difference between the number of spot forming cells in triplicate or quadruplicate test wells and triplicate or quadruplicate negative control wells (Student\'s 2 tailed *t*-test), plus (2) at least a doubling of spot forming cells in test wells relative to negative control wells, plus (3) a difference of at least 10 spots between test and negative control wells.

Flow cytometry with intracellular cytokine staining (ICS) {#s0004-0004}
---------------------------------------------------------

Frozen PBMC were stimulated by each CSP (Cp1, Cp2, Cp6 and Cp9) or AMA1 (Ap1, Ap3, Ap4, Ap8, Ap9 and Ap10) peptide pools as previously described.[@cit0007] Control stimulants were medium alone and the CEF peptide pool (Anaspec, San Jose, CA). Cells were phenotyped as CD4+ and CD8+ T cells and stained for IFN-γ. Data for peptide pools were corrected for media response at each time point. A positive response was defined as a frequency of CD4+ or CD8+ IFN-γ cells exceeding the geometric mean + 3 standard deviations of the medium-stimulated controls, 0.030%.[@cit0009] A subject was considered positive if activity to one or more peptide pools was at least 0.03%; some subjects who had summed activities \>0.03% were considered negative if activities to individual peptide pools did not reach 0.03%. Activities are shown as (1) each subject\'s responses individual CSP or AMA1 peptide pools, (2) summed responses of all subjects, or (3) numbers of positive subjects defined as a subject with a positive response to at least one CSP or one AMA1 peptide pool.[@cit0007]

CD8+ T cell memory responses {#s0004-0005}
----------------------------

Frozen PBMC taken at the same time points were stimulated with the immunodominant CSP or AMA1 peptide pools,[@cit0007] sorted as CD8+ T cells, and phenotyped by CD45RA and CD27 staining as effector memory (EM) cells that were CD45RA^−^CD27^−^.[@cit0036] Each pool was then stained for IFN-γ, and activities of EM T cells were expressed as per cent of CD8+ T cells. A positive response was defined as exceeding the geometric mean + 3 standard deviations of the medium stimulated controls (0.03%). Responses are shown as activities to individual peptide pools, the sum of responses to individual peptide pools, the geometric mean of summed responses, and the number of positive subjects.

Statistical analyses {#s0004-0006}
--------------------

The Mann-Whitney U test was used to compare the summed cellular responses of protected and non-protected subjects from the 2 trials. Rank correlations were employed to examine the relationships between the fold-change between pre- and post-CHMI activities.[@cit0037] All values were transformed to base 10 logarithms for analysis. Activities of subjects that had positive activities pre- and post-CHMI were included. Pearson product moment calculations were calculated for the log-transformed activities and correlation was calculated as r. Two-sided tests were used, with p = \< 0.05 considered significant. This was previously used to determine the association of neutralizing antibodies to the Ad-5 component that had no effect on immunogenicity in the DNA/Ad trial, where 10/15 subjects were Ad-5 seronegative, and 5 subjects were seropositive.[@cit0001]
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[^3]: Fold-changes of responses to immunodominant peptide pools.

[^4]: Activity was negative pre-CHMI but was positive post-CHMI. 0: Pre-CHMI and post-CHMI activities were negative.

[^5]: Fall, rises, no changes (none) derived from [**Figures 2--6**](#f0002 f0003 f0004 f0005 f0006){ref-type="fig"}.
